The utilization of cyanide in many industrial processes despite its toxicity generated voluminous effluents, which necessitated treatment prior to discharge into the environment. In the present study, Rhodococcus UKMP-5M was solely employed as biological tool to detoxify three different cyanide-containing industrial wastewaters with different characteristics since initial attempt to employ mixed culture of Rhodococcus strains was unsuccessful due to synergistic interaction which yielded only 19% biodetoxification of 12 mM cyanide. The bacterium was able to achieve 97% cyanide removal efficiency in Wastewater A (pH 8.4) after 19 days of incubation. However, the growing cells needed the supplementation of nutrients, which was uneconomical besides requiring extensive time for complete detoxification. In contrast, the employment of immobilized beads of Rhodococcus UKMP-5M, which required a relatively straightforward method, were cost-effective in detoxifying almost 100% of 15 mM cyanide in Wastewater C (pH 9.5) within a short period of 3 days of incubation. This discovery is highly significant since most wastewaters pHs originating from various industrial applications involving cyanide often range from 6 to 9.5 and this strain is therefore seemingly effective for biodetoxification of cyanide-containing wastewaters with high pH values. In addition, it is interesting to note that the presence of heavy metals in the wastewaters did not inhibit the cyanide-degrading activity of the bacterium. The findings from this study provided essential information to develop a pilot plant on a technical scale for the biotreatment of industrial effluents bearing cyanide, which should be of great interest from an environmental and economic point of views.
Introduction
Endowed with strategic geographical advantage coupled with favourable political climate, safety and stability, Malaysia has without fail provided the level of confidence needed to attract numerous foreign direct investments and embarked on industrialisation as a major goal of economic development. Once heavily dependent on natural commodities, such as rubber and tin, today Malaysia is one of the world's largest exporters of semiconductors and electrical goods. In addition, Malaysia's key industries include chemical industry, such as petrochemical and the automotive industry under the national car project Proton (Perusahaan Otomobil Nasional Bhd), which actively manufactures cars, vehicle components, parts and accessories.
Vehicle manufacturing and electroplating, for instance, capitalize extensively on the use of cyaniderelated compounds, which inevitably generate noxious wastes (Dash et al. 2009 ). Cyanide is a highly toxic metabolic inhibitor (Chapatwala et al. 1993; Chen et al. 2008 ) and thus wastewaters containing cyanide need to be treated before discharging it into the environment. Taking this into consideration, many countries worldwide, particularly Malaysia, are imposing strict rules and regulations in order to manage safely the manufacture, transport, storage, use and disposal of cyanide (Mudder & Botz 2004) .
The cyanide-bearing wastewaters produced from the industrial activities can be chemically destroyed, physically removed or recycled by conventional cyanide removal technologies, namely sulphur dioxide/air, hydrogen peroxide, Caro's acid, alkaline chlorination, iron precipitation, activated carbon and cyanide recovery . However, these methods of decontamination often proved to be disadvantageous due to low treatment functionality, high capital and operating costs, generation of toxic, undesirable by-products and the preference for treatment of only aqueous-based wastes forms (Adams et al. 2001; Mudder et al. 2001) . Thus, the development of an alternative treatment process capable of achieving high degradation efficiency at low costs is highly desired.
Biological treatment, which can be applied under most conditions and in many configurations including in-situ, aerobic and anaerobic, active and passive and suspended and attached growth systems is a proven and viable alternative in comparison to chemical and physical treatment processes (Akcil & Mudder 2003) . In addition, biological cyanide treatment processes have become progressively widespread especially in the mining industry due to their ability to simultaneously remove multiple contaminants, their relatively low operating cost and ability to produce high-quality effluents (Botz et al. 2005) . It was reported in the literature that biological treatment had the ability to attain cyanide removal efficiency equivalent to those obtained through chemical or physical treatment under optimal conditions . Besides, the increasing number of operating treatment plants in the USA and Canada further supports the implementation of commercial applications of biodegradation processes to remediate cyanide-containing industrial effluents (Akcil 2003) .
The continued development and application of biotechnologies for cyanide biodetoxification require constant discovery of new microorganisms to further enhance the efficiency and competitiveness of biological methods in comparison to existing conventional cyanide removal technologies. Rhodococci are gaining remarkable interest especially for biotechnological applications owing to their environmental and economic significances. Members of the genus Rhodococcus have many fascinating features that enable them to degrade a wide variety of xenobiotic compounds, which include catabolic diversity, a relatively large genome size of approximately 5-6 Mb and genetically flexible genomes (Larkin et al. 2010) . Thus, Rhodococcus strains may be utilized as industrial organisms, primarily for biotransformation and biodetoxification since they are equipped with a large number of enzymatic activities, unique cellwall structure and applicable biotechnological properties.
We have reported earlier a novel bacterial strain isolated from petroleum-contaminated soils from an oil refinery in Malacca, Malaysia, which had demonstrated promising ability in cyanide detoxification (Nallapan Maniyam et al. 2012 Maniyam et al. , 2013 . The bacterium designated as Rhodococcus UKMP-5M exhibited a promising ability in detoxifying cyanide, which enabled the capitalization of this local natural isolate to address the current increasing trend of environmental cyanide pollution as reported elsewhere (Nallapan Maniyam et al. 2012 Maniyam et al. , 2013 .
It was revealed that the biocatalyst activity and bead mechanical strength improved significantly when calcium alginate encapsulation technique was employed as compared to free cells, which resulted in higher cyanide removal efficiency corresponding to 80% degradation of 12 mM KCN. The encapsulated beads could be easily recovered from the production medium and re-used for up to five batches without significant losses of cyanide-degrading ability, which proved to be advantageous from an economic point of view (Nallapan Maniyam et al. 2012) . From these studies, it could be inferred that the novel Rhodococcus UKMP-5M strain demonstrated high cyanide-degrading ability and the optimized calcium alginate immobilization technique provided a promising alternative for practical application of large-scale remediation of cyanide-bearing wastewaters. However, to the best of our knowledge, to date there are no reports that have been published on the biodetoxification of cyanide-containing wastewaters by growing and immobilized cells of Rhodococcus strains.
Hence in the present communication, the treatment of actual wastewaters containing cyanide by Rhodococcus UKMP-5M has been designed and this, to the best of our knowledge, is the first report demonstrating the application of a Rhodococcus strain in treating actual effluents containing cyanide from industrial wastes. The cyanide removal efficiency was addressed by evaluating the detoxification ability of Rhodococcus UKMP-5M entrapped in calcium alginate as compared to that of growing cells. In addition, the effect of metal ions present in the wastewaters was examined as well. Since the recent advancement in the application of biological methods in treating cyanidebearing wastewaters has been promising, the discovery of this new bacterium will add a value by diversifying the existing microbial populations capable of cyanide detoxification. Furthermore, the findings from the current study will be able to provide the necessary information to strategize a competent treatment facility for biodetoxification of wastewaters containing cyanide by Rhodococcus UKMP-5M.
Material and methods

Chemicals
All chemicals and media ingredients used were of analytical grade and purchased either from Sigma (USA), Fisher Scientific (Singapore) or Merck (Germany).
Microorganism
Rhodococcus UKMP-5M (strain UCC 0021), a petroleumcontaminated soil isolate along with other Rhodococcus strains were kindly supplied by the Culture Collection Unit, Institute of Bio-IT Selangor, Universiti Selangor, Malaysia.
Preparation of seed culture of Rhodococcus UKMP-5M
The preparation of seed culture was accomplished in 250 mL Erlenmeyer flasks containing 50 mL, 8 g/L nutrient broth medium and 200 µL filter-sterilized acetonitrile (50 mM) was subsequently added to induce cyanide-degrading activity. The flasks were then left to shake at 30
• C for 24 h at an agitation of 160 rpm [S1600R (B3L) Lab Companion, Jeiotech, Korea] until the desired optical density was achieved. the early stationary phase was attained. The content of the production vessel was spun down at 13000 × g for 20 min at 4
Preparation of resting cells of Rhodococcus UKMP-5M
• C (Eppendorf 5702R, South Asia) and the supernatant was decanted. The cell pellet was washed twice with sterile 0.9% w/v NaCl solution thoroughly. Finally, the cell mass was suspended in 100 mL of the same sterile sodium chloride solution and the optical density of the cell suspension was adjusted to 1.0 corresponding to 2 g/L dry cell weight. The seed culture and resting cells of other Rhodococcus strains were cultivated in the same manner as above.
Biodetoxification of cyanide by mixed culture of Rhodococcus strains The biodetoxification of cyanide was carried out in screwcap bottles containing an adequate volume of 0.1 M KH2PO4/K2HPO4 buffer (pH 7), total amount of resting cells of 3.5 mg (dry cell weight) and 12 mM KCN. Since Rhodococcus UKMP-5M and Rhodococcus strain UCC 0002 exhibited the most promising potential in cyanide removal efficiency (Nallapan Maniyam et al. 2011) , the cyanide biodetoxification was more exclusively established by varying the shared fraction of these organisms accordingly. Besides, all strains with biomass ratio of 1:1:1:1:1 were also assessed for their cyanide detoxification ability as compared to a single strain of Rhodococcus UKMP-5M. The mixtures in triplicate for each distinct mixed culture were then incubated on a rotary shaker operated at 150 rpm for 10 h at 30
• C. Control experiments were established in identical conditions without bacterial cells.
Biosorption of cyanide by Rhodococcus UKMP-5M
Biosorption of 12 mM KCN onto Rhodococcus UKMP-5M was investigated by substituting the active resting cells with heat-killed cultures of identical density. The biodetoxification was then carried out as described above.
Biodetoxification of Wastewater A by Rhodococcus UKMP-5M A 5 mL inoculum (10% v/v) with an optical density in the range of 0.8-0.9 was transferred aseptically into Wastewater A with the medium composition as listed in Table 1 . The actual sites, from which three different wastewaters (Wastewater A, Wastewater B and Wastewater C), were collected were not revealed due to company confidentiality.
Cyanide was sterilized separately by filtration using 0.2 µm regenerated cellulose membrane filter (Sartorius Stedim, Goettingen, Germany) and added to the prepared Wastewater A medium after being cooled to room temperature. The suspension cultures were maintained at 30
• C and 160 rpm throughout the biodetoxification period. Negative controls without bacterial cells were also included to determine the loss of cyanide due to air stripping. Periodic sampling was carried out to monitor the growth of the bacterium and the remaining total cyanide concentrations. In addition, in a separate experimentation procedure, glucose (4.5 g/L) and yeast extract (0.5 g/L) were included in Wastewater A medium to evaluate the effect of these supplementary nutrient sources on both growth and cyanide biodetoxification ability of Rhodococcus UKMP-5M.
Immobilization of Rhodococcus UKMP-5M in calcium alginate capsules
The whole cells were then immobilized in calcium alginate following the protocols established by Nallapan Maniyam et al. (2012) . The improvised operational conditions resulting in the use of 3.5% w/v concentration of sodium alginate concentration, 1.8-2.0 mm bead size, 0.3 M concentration of CaCl2, 1:3 cell to alginate ratio, initial loading of 200 number of beads and solidification time of 120 min were employed to design the encapsulation of Rhodococcus UKMP-5M resting cells.
Biodetoxification of Wastewater B and Wastewater C by Rhodococcus UKMP-5M cells immobilized in calcium alginate capsules
The biodetoxification of cyanide was carried out in screwcap bottles containing approximately 200 beads of the entrapped Rhodococcus UKMP-5M bacterial cells, which were added to Wastewater B and Wastewater C (Table 1) , respectively, with the addition of glucose (4.5 g/L) and yeast extract (0.5 g/L). The mixtures in triplicate were then incubated on a rotary shaker operated at 150 rpm and 30
• C for 3 days. Control experiments were established in identical conditions without any entrapped cultures. Samples for analysis were harvested at regular intervals under sterile conditions. Aliquot of the resulting clear supernatant measuring to 500 µL were withdrawn and diluted if necessary before assaying for remaining cyanide concentrations in triplicate.
Analytical methods
Analysis of residual cyanide. Samples amounting to 1 mL were withdrawn at designated time interval and centrifuged at 13,000 × g for 20 min at 4
• C to obtain clear supernatant. Total cyanide concentration was determined by a modified barbituric acid-pyridine colorimetric method at 605 nm against an established standard curve in the range of 0.0-0.1 mM KCN (Nagashima 1977) after distillation, as described in standard methods (APHA 2001; Dash et al. 2008 ) with a precision up to 0.001 mg/L (Biomate 3, Thermo Scientific, USA).
Analysis of residual glucose. The changes in the concentration of glucose in the culture medium during growth of the bacterium Rhodococcus UKMP-5M were determined following the protocols detailed by Ezzi & Lynch (2005) .
Determination of cell growth
Growth was monitored by reading the optical density at 600 nm against a blank (distilled water). Cell leakage was determined corresponding to the method communicated in Nallapan Maniyam et al. (2012) . a Total biomass 3.5 mg dry cell weight was incubated with 12 mM KCN at 30 • C, pH 7, and shaking at 150 rpm for 10 h. Percentage of cyanide removal efficiency represents means of triplicate samples ± standard errors. Statistically significant differences (p < 0.05) were observed among the tested group. The individual strain and the mixed culture were ranked from the most favoured to the least favoured following the alphabetical orders in superscript format (most favoured = a ; least favoured = c ).
Statistical analysis
All experiments were carried out in triplicate. Experimental errors were estimated and depicted by error bars (standard error) typically with three determinations. All data were analysed by using SPSS version 17.0. Comparison between groups was performed by using Duncan analysis. A one way ANOVA test (95% confidence interval) was used to evaluate differences between groups and p < 0.05 was considered statistically significant.
Results and discussion
Biodetoxification of cyanide by individual and mixed culture of Rhodococcus strains
The impact of mixed culture of strain UCC 0021 and UCC 0002 was investigated since these strains evidently possessed considerable cyanide removal efficiency as described earlier (Nallapan Maniyam et al. 2011 ). However, lower percentage of cyanide biodetoxification than expected was observed when a 1:1 and 2:1 ratios of strain UCC 0002 and strain UCC 0021 were used, yielding to 30 b ± 2% and 32 b ± 1% cyanide removal efficiency, respectively, with no significant difference (p > 0.05) ( Table 2 ). The individual strain and the mixed culture were ranked from the most favoured to the least favoured following the alphabetical orders in superscript format (most favoured = a ; least favoured = c ). This indicated that the ability of strain UCC 0021 to eliminate cyanide was somewhat suppressed completely in the presence of strain UCC 0002. The hypothesis was further confirmed when the utilization of individual strain of strain UCC 0002 resulted in similar percentage of cyanide removal efficiency to the mixed culture (29 b ± 1%) as shown in Table 2 , suggesting that the cyanide-degrading activity was exclusively done by strain UCC 0002 in the mixed culture.
Interestingly, greater percentage of cyanide removal efficiency corresponding to 52 a ± 2% was noted when the ratio of strain UCC 0021:strain UCC 0002 was increased to 2:1 (Table 2) . However, there was no significant difference (p > 0.05) between this mixed culture and the individual strain of strain UCC 0021, which generated 50 a ± 0% cyanide removal efficiency. The cyanide-degrading activity was enhanced substantially with increased cell concentration of strain UCC 0021 as compared to that of strain UCC 0002 in the mixed culture, which simultaneously hindered the cyanidedegrading ability of strain UCC 0002. This particular finding coincided with earlier observation with strain UCC 0002, revealing that the excess presence of one Rhodococcus strain will completely inhibit the degree of cyanide elimination of the other Rhodococcus strain in a mixed culture. This was supported by the reduced percentage of cyanide removal efficiency when all locally isolated Rhodococcus strains in ratio 1:1:1:1:1 of UCC 0021:UCC 0002:UCC:0003:UCC 0004:UCC 0009 were employed to detoxify cyanide, which lead to only 19 c ± 1% cyanide removal efficiency (Table 2 ). This phenomenon may be attributed to the fact that certain degree of key nutrient competition occurred between the strains in the mixed culture. It was also observed that the strain, which was present in greater volume of biomass, was better in carrying out the cyanidedegrading activity.
Biosorption of cyanide by Rhodococcus UKMP-5M
In order to rule out the possibility of physical adsorption on bacterial cells, especially at high cell densities, biosorption of cyanide was carried out on viable and non-viable resting cells, respectively. The findings from this study showed a significantly low cyanide biosorption efficiency (p < 0.05), resulting in 5 b ± 0% cyanide removal efficiency with heat-killed whole cells of Rhodococcus UKMP-5M in comparison to 52 a ± 1% cyanide removal efficiency with active suspended cells of identical cell density. Thus, it was clear that the cyanide-degrading activity was as a result of enzymatic activity and perhaps even this small quantity of cyanide removal efficiency may be possibly detoxified by the bacterium as reported by Patil & Paknikar (2000) .
Biodetoxification of Wastewater A by Rhodococcus UKMP-5M
Cyanide is produced on a large scale for its use in the electroplating and mining industries, which consequently discharge large quantities of cyanide-containing liquid wastes (Knowles 1976) . Often, such wastes also contain significant amounts of heavy metals, namely copper, nickel, zinc, silver and iron. Metal complexes of variable stability and toxicity are formed readily owing to the highly reactive nature of cyanide ions. Weak or moderately stable complexes, such as those of nickel, copper and zinc, are classified as weak-acid dissociable (Sharma et al. 2008) . The dissociation of these complexes releases free cyanide as well as the metal cation, which can also be toxic even though metal cyanide complexes by themselves are much less noxious than free cyanide. In high enough concentrations, weak-acid dissociable metal cyanide complexes can dissociate sufficiently to be environmentally harmful even in the neutral pH range of most surface water. Since the formation of metal-cyanide complexes does not eliminate the toxicity of cyanide, these complexes must be removed from wastewaters prior to their discharge into the environment (Patil & Paknikar 2000) .
The composition of Wastewater A followed the main constituents frequently encountered in the wastewaters emanated by silver plating industries, such as silver-cyanide complex, dicyanoargentate [Ag(CN) 2 ] − and traces of heavy metals (Table 1) . However, as the cyanide concentration was very low, Wastewater A was artificially contaminated in most of the experiments with total cyanide concentration of 26 mg CN − /L. The locally isolated Rhodococcus UKMP-5M was able to grow and detoxify cyanide-containing Wastewater A in the presence of glucose and yeast extract efficiently (Fig. 1) . Even though the detoxification of cyanide did not require a carbon source, however, for the basic metabolism of the organism a carbon source was necessary, hence the classic carbon source (glucose) was employed in the present study. A lag period of 13 days was observed in the growth profile of Rhodococcus UKMP-5M in Wastewater A, which may be required to induce various events leading to cyanide detoxification, such as cyanide-insensitive respiration, a siderophorebased mechanism for iron acquisition in the presence of cyanide and specific enzymes or metabolic intermediates involved in the biodetoxification pathway (Huertas et al. 2010) .
After the initial lag phase, growth of the bacterium resumed rather drastically reaching an optical density of 0.533 after 19 days of incubation from an optical density of 0.317 on day 13. Interestingly, the bacterium initiated the removal of cyanide even during its lag phase indicating that the detoxification of cyanide was not associated with the growth of this bacterium. On top of that, it was clearly evident that the growth of Rhodococcus UKMP-5M escalated after 13 days, when the total concentration of cyanide was reduced from 1 to 0.073 mM suggesting the existence of a threshold value of about 60-80 µM, the minimum range of cyanide concentration exhibiting inhibition towards growth of Rhodococcus UKMP-5M (Kunz et al. 1992) .
Almost 96% cyanide detoxification was observed after 19 days of incubation yielding a final total cyanide concentration of 0.04 mM in Wastewater A containing glucose and yeast extract as nutritional support. After 24 days of incubation, the total concentration of cyanide was brought down to 0.001 mM (0.026 µg/mL), which was well below the permissible level of 0.05 and 0.10 µg/mL based on Standard A and B, respectively, for safe disposal of cyanide in Malaysia (Lee & Low 1980) . This finding clearly indicated that the application of Rhodococcus UKMP-5M as a biological tool in treating cyanide-containing wastewaters was effective. In addition, the presence of heavy metals was not detrimental to the detoxification of cyanide by the bacterium.
The local isolate managed to almost completely detoxify 1 mM total cyanide concentration after 24 days of incubation in the present study, which was comparable to the detoxification of synthetic wastewaters containing equal concentration of cyanide (Nallapan Maniyam et al. 2013) , which required 26 days to reduce the concentration of cyanide from 1 to 0.014 mM. It was interesting to note that the locally isolated Rhodococcus UKMP-5M was able to carry out an efficient cyanide-degrading activity compared to that of previously published paper by Patil & Paknikar (2000) , which reported a reduction of merely 0.1 mM total cyanide concentration by a bacterial consortium. Rhodococcus UKMP-5M therefore appeared as a promising candidate to detoxify actual cyanidebearing wastewaters since the strain possessed the necessary characteristics to accomplish successful detoxification of the highly toxic cyanide.
Overall decreased rate of cyanide detoxification was observed when Wastewater A was devised without the addition of nutritional support, namely glucose and yeast extract. The lag period was lengthened significantly, requiring an astounding 24 days to reach an optical density of 0.286 from an initial optical density of 0.215 at the beginning of the incubation and the growth of the bacterium did not resume into the exponential phase. The concentration of total cyanide in Wastewater A without the supplementation of 4.5 g/L glucose and 0.5 g/L g yeast extract dropped from 1 to 0.724 mM after 8 days of incubation, when the bacterium was in the lag growth phase, and eventually a total concentration of 0.395 mM cyanide remained in Wastewater A, achieving 61% cyanide removal efficiency after 24 days of incubation (Fig. 1) . The addition of glucose and yeast extract in the present study evidently provided sufficient nutritional support, which simultaneously enabled growth and cell maintenance of Rhodococcus UKMP-5M. This in turn assisted the production of enzyme(s) responsible in detoxifying the highly toxic cyanide.
The pH values play a significant role in determining the efficiency of cyanide biodetoxification (Huertas et al. 2010) . In fact, a relatively high pH is required to minimize the formation of HCN (pKa = 9.2) (Dumestre et al. 1997 ) in order to increase the efficiency and safety of the biological process. In addition, most enzymes capable of effective cyanide biodetoxification exhibit optimum performance at neutral pH, which proved to be one of the greatest hindrances in treating actual wastewaters containing cyanide, which is normally alkaline (Huertas et al. 2010) . Thus, Wastewater A in the presence of 1 mM total cyanide concentration, glucose and yeast extract was designed to accommodate higher pH value of 8.4. Following this, bacterial growth and cyanide assimilation at higher constant pH value were assessed.
Rhodococcus UKMP-5M managed to reduce the concentration of total cyanide from 1 to 0.323 mM with 68% cyanide removal efficiency within 8 days of study and the optical density (growth) increased from an initial value of 0.216 on day 0 to 0.249 on day 8. After 19 days, the cyanide removal efficiency escalated remarkably to 97% and the cells of the bacterium increased to 0.466. Once again, the supplementation of additional nutrient source in the form of glucose and yeast extract supported accelerated rate of cyanide detoxification in Wastewater A amended with NaOH to achieve a pH value of 8.4.
The genus Rhodococcus is classified as an actinomycete. It is a distinct characteristic of an actinomycete to preferably grow in alkaline medium as opposed to its other counterpart (Sharma & Pant 2001) . This is an added advantage in applying this particular bacterium in treating actual wastewaters containing cyanide, since the pH values of wastewaters originating from various industrial applications involving cyanide often range from 6 to 9.5 (Patil & Paknikar 2000) . This strain is therefore seemingly effective for the biodetoxification of cyanide-containing wastewaters in various modes of neutral and alkaline pH. Cyanide removal due to air stripping was also observed in an uninoculated control but at significantly slower rates than in inoculated cultures revealing that the reduction of total cyanide concentration in the medium containing active cells of Rhodococcus UKMP-5M was mainly due to biodetoxification process.
Biodetoxification of Wastewater B and Wastewater C by immobilized cells of Rhodococcus UKMP-5M in calcium alginate capsules It seems only appropriate to encapsulate the bacterium on a suitable layer if the locally isolated Rhodococcus UKMP-5M tested in the laboratory is to be used for practical application in treating actual wastewaters containing cyanide. The immobilization of the bacterium on a proper carrier will be able to provide a larger biologically active surface area and prevent the microorganisms from being washed away by huge amounts of wastewaters (Bosecker & Blumenroth 2001) . Furthermore, the immobilization method is capable of providing a protective layer to shelter the viable cells from the toxic effect of higher concentrations of cyanide.
The entrapment of cells in calcium alginate gel beads is one of the most widely used methods for immobilization due to its simplicity, non-toxicity, mild gelation conditions and ease of use, which is generally suitable for immobilizing any type of cells, namely bacteria, yeast, fungi, higher plant cells, animal cells and even embryos while retaining maximal biocatalytic flexibility (Nussinovitch 2010) . Immobilization of whole cells has been extensively used for biodetoxification purposes since immobilization offers many advantages, which include relative ease of product separation, re-use of bio- catalysts, high volumetric productivity, improved process control and reduced susceptibility of cells to contamination (Goksungur & Zorlu 2001) . It was reported earlier (Nallapan Maniyam et al. 2012 ) that the use of calcium alginate as a carrier for immobilization of Rhodococcus UKMP-5M was more pronounced in accomplishing efficient cyanidedegrading activity in comparison to that of other tested entrapment methods. Hence, in the present study, the ability of the locally isolated Rhodococcus UKMP-5M encapsulated in calcium alginate capsules to efficiently eliminate cyanide in Wastewater B and Wastewater C was examined.
The composition of Wastewater B and Wastewater C resembled the wastewaters from gold mining and the wastewaters were not severely contaminated with organic compounds (Table 1) . Typically, the main components in the heavily contaminated water from the cyanidation plant, such as in Wastewater B, were cyanide (total cyanide concentration) with an approximate concentration of 133 mg CN − /L as well as heavy metals, such as copper and zinc. In addition, Wastewater B also had a high level of calcium with a concentration of more than 200 mg/L, which can be due to the fact that the pH level was controlled by the addition of lime during the cyanidation process. Meanwhile, Wastewater C contained a higher total cyanide concentration of 419 mg CN − /L and exhibited greater pH value of 9.5.
The immobilized cells of the bacterium managed to successfully reduce total concentration of approximately 5 mM cyanide in Wastewater B to 3 mM and below 0.02 mM after 24 and 48 h of incubation, which corresponded to 40% and almost 100% cyanide removal efficiency, respectively (Table 3) . It should also be mentioned that the concentration of the released cells in the production vessel was restricted to 0.015 g/L dry cell weight after 48 h of reaction, which represented only a slight fraction of the entrapped biomass. This finding further confirmed that the utilization of biobeads of Rhodococcus UKMP-5M in cyanide biodetoxification was effective in bringing down the high level of cyanide toxicity to below statutory level for safe disposal of cyanide into the environment.
There was a previous report indicating that the immobilized cells of Rhodococcus UKMP-5M were able to transform merely 38% of 15 mM cyanide after 30 h of incubation (Nallapan Maniyam et al. 2012) . However, the report indicated that the detoxification of cyanide was initiated in saline medium. In the present study, the addition of nutrient support, namely glucose and yeast extract, enabled continuous growth of the bacterium, which further supported enhanced biodetoxification of cyanide in Wastewater C.
The employment of calcium alginate as a carrier for immobilization of Rhodococcus UKMP-5M provided more tolerance towards external shocks including a higher level of KCN concentration. As a result, the encapsulated cells were able to detoxify approximately 15 mM total cyanide concentration in Wastewater C to 11 mM after 24 h of incubation recording 30% cyanide removal efficiency. Further incubation for additional 24 h yielded reduced concentration of total cyanide to 6 mM from an initial concentration of 15 mM, which corresponded to 60% cyanide removal efficiency (Table 3 ). The concentration of total cyanide was subsequently brought down to 0.03 mM after 72 h of total incubation time yielding almost 100% cyanide removal efficiency (Table 3 ). The resulting solution of Wastewater C with the presence of 0.036 mM total cyanide concentration can therefore safely be discarded into the environment since the concentration of cyanide in the effluents complied with the standard regulation authorized by the governmental bodies.
A mere density of cell leakage amounting to 0.019 g/L dry cell weight was observed after 72 h of reaction indicating the efficiency of the immobilization method in entrapping the cells of Rhodococcus UKMP-5M, which eventually led to the high cyanide-degrading activity by these biobeads. In addition, it was interesting to observe that the immobilized cells of the bacterium were capable of accomplishing efficient cyanidedegrading activity despite the adjustment of the pH value to 9.5, which represented the actual scenario of highly alkaline effluents containing cyanide from various cyanide-capitalizing industries. The immobilization method was able to provide a protective layer, which simultaneously enabled the biobeads to withstand extreme pH values while exhibiting resistance to pH changes (Kowalska et al. 1998) . Furthermore, many previously described literatures reported lower cyanide-degrading abilities exhibited by various immobilized biological means in comparison to the utilization of embedded cells of Rhodococcus UKMP-5M in treating cyanide. Chen et al. (2008) observed only 20% cyanide removal efficiency when immobilized cells of Klebsiella oxytoca in calcium alginate were employed to detoxify 6 mM KCN. Besides, bacterial cells of Pseudomonas putida encapsulated in calcium alginate demonstrated a complete biodetoxification of only 4 mM NaCN after a lengthy period of 5 days of incubation (Chapatwala et al. 1993) . It was found that the total carbon and nitrogen present in NaCN was recovered nearly equally in the form of carbon dioxide and ammonia confirming the ability of Pseudomonas putida to utilize NaCN as a source of carbon and nitrogen.
It was also discovered that the encapsulated cells of Pseudomonas putida were able to detoxify a mere 200 ppm of NaCN into carbon dioxide and ammonia, as described by Babu et al. (1992) ; when the immobilized cells were tested to detoxify 400 ppm NaCN, decreased detoxification rate were observed. In addition, findings from Zhou et al. (2007) revealed that the entrapped cells of Trichoderma koningii achieved a complete detoxification of 500 mg/kg of CN − after a staggering 21 days of incubation. On top of that, findings from Campos et al. (2006) unveiled that 96% of merely 4.75 mM cyanide was converted to formamide and formate by cells of Fusarium oxysporum CCMI 876 entrapped in calcium alginate beads. Hence, these observations clearly indicated the superiority of using the improvised immobilization technology in the current study to detoxify cyanide and promoted the locally isolated bacterium as a prospective biological tool for the application in treating actual wastewaters containing cyanide.
Conclusion
A locally isolated novel strain of Rhodococcus UKMP-5M exhibiting excellent cyanide detoxification capabilities was discovered in the present study. The bacterium demonstrated huge potential for application as a biological tool to treat actual wastewaters containing cyanide. The embedded cells of Rhodococcus UKMP-5M in particular managed to detoxify almost 100% of approximately 15 mM total cyanide concentration in the presence of heavy metals, such as iron, copper and zinc within 3 days of incubation, which established a superior cyanide detoxification system. The application of improvised immobilization technology in detoxifying cyanide was able to support preservation, tolerate high substrate toxicity, withstand changes in pH and temperature, maintain higher density of cells and display higher catalytic activity. In addition, Rhodococcus UKMP-5M, which is classified as an actinomycete, often favours alkaline conditions that enabled the bacterium to cope with an extreme pH value of 9.5 documented in Wastewater C. Furthermore, the presence of heavy metals was not detrimental for the detoxification of cyanide, which was an added benefit. The findings from the current study therefore provided an excellent platform for developing a pilot plant on a technical scale for the biotreatment of cyanide and heavy metal-containing wastewaters from mining and metallurgical processes. The present research was able to provide the essential knowledge in understanding the chemistry, toxicology and environmental fate of the various cyanide compounds. The application of immobilized cells of Rhodococcus UKMP-5M in particular was reliable and appeared to be a proven technology for the destruction of cyanide. The resulting effluents contained minimum level of cyanide, which is in accordance to the regulatory limit set by the governmental bodies for safe discharge of cyanide into the environment. In addition, the use of Rhodococcus UKMP-5M to detoxify cyanide also proved to be economically efficient and environmentally-friendly since the presence of additional metals are removed by adsorption and the accumulation of toxic intermediate metabolites and final products is avoided. In future studies, a practical pilot plant for treating cyanide-containing wastewaters will be developed with cells entrapped in calcium alginate. In addition, metabolic pathways of cyanide detoxification will be elucidated through proteomics studies.
